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ABSTRACT

Acompilition of abstracts on the effects of high energy
radiation 3n the infrared and other optical properties
of germanium, silicon, silica, glass and quartz, Pertinent
pe riperal matter is included,

SOURCES CHECKED

In addi.tion to usi~ng the facilities of the Technical
Information Center, Lockheed Missiles & Space Division
and ASTIA (Armed Services Technical Information Agency),
the following index were checked.
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INTRODUCTION

0

The infrared transmission of optical materials has been
the subject of very few investigations. Ordinarily the
absorption spectra is of most interest because it reveals
energy levels of defects and bonding types of solid
materials. The following compilation of abstracts is an
attempt to gather in one report most of the references
on the effects of high energy radiation on the infrared
optical properties of specific materials. The materials
are silicon, germaniu, silica, glass and quartz. The
effort was concentrated on finding changes in transmission
properties but many periperal subjects are included. The
period covered is from 1950 to the present date.

The abstracts are arranged by author under each specific
material. A corporate author index is offered as a help
in following a set of progress reports for a single
company.

iiN
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GERMANIUM

1. Huldt, L. and Staflin, T.

Optical constarn.s of evaporated films of

zinc sulphide and germanium in the infra-

red. OPTICA ACTA v. 6, p. 27-36, Jan 1959.

Measurements of the optical constants of vacuum-evaporated films of zinc
sulphide and germanium some microns thick by three differ:int methods in the

region 2000 - 10,000 cm-l (5 - 1p) are reported. The refractive indices of
both substances proved to be definitely higher than for the corresponding
bulk material. When the films were evaporated with pure nitrogen as residual
gas instead of air, the refractive index decreased considerably and reached,
for ZnS, approximately the bulk valuet, whereas for Ge it still remained
somewhat higher. The variations in the modes of determination seem to exclude
the observed anomaliec being due to the complexity of the film structure.

2. Meyer, H. J. G.

Theory of infrared absorption by conduction

electrons in germanium. JOURNAL OF THE PHYSICS

AND CIEMISTRY OF SOLIDS v. 8, p. 264-269, Jan 1959.

It is shown that a theory of infrared absorption by conduction electrons which
takes into account the structure of the conduction band and acoustical as well
as oetical intravalley scattering can be developed without any serious
approximation. In combination with an estimate of the possible influence of
impurity scattering, the theoretical results can be used for the determination
Df one nf the acoustical and of the optical deformation potential constants.
From available experimental data the approximate numerical value of the latter
i5 determined. The general limits of validity cf thp theory are discussed.

3. Nazarewicz, B. W.

INDIRECT ABSORPTION EDGE IN GERMANIUM BOMBARDED

BY FAST NEUTHONS. Polish Academy of Sciences,

LOCKHEED AIRCRArT CORPORATION MISSILES ond SPACE DIVISION
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Ins~i&fe of 5ualear Reeearjp,

NP-86, 1959.b

This paper reports the results ef absorptlon measurements for germanium

single crystals with various concentrations of structural defects introduced
by fast neutron bombardment. It was found that the edge is of the form
expected for indirect transitions accompanied by phonon interaction.

An analysis of absorption data on the basis of the Macfarlane - Roberts
formula yield values for the indirect energy gap and the temperature of the
phonon involved.

Various concentrations of defects were obtained by partially annealing at
various elevated temperatures.

4. Philipp, H. R. and Taft, E. A. II
Optical constants of germanium in the region

1 to 10 EV. PHYS. REV. v. 113, p. 1002-1005, 11
15 Feb 1959. I

The reflectance, jr( A ) j2 of single-crystal germanium has been measured
in the range 0.6 to 11.3ev and the phase, 9( k ), has been computed from these
data using the Kramers - Kronig relation between the real and imaginary parts
of the complex function In r = In Irl + iA. The optical constants, n and k,
have then been determined from the Fresnel reflectivity equation. The real
part of the refractive index, n, has maxima of 5.5 at 2.07 ev and 4.2 at
3.2 ev. Above 6 ev, the index is very nearly 1. The extinction coefficient, I
k, shows maxima of 2.0 at 2.5 ev and 4.2 at 4.4 ev. Below 3.5 ev, the results
are in good agreement with.measurements of Archer (see 2017). Beyond this
point, they depart from his extrapolated curve. I
5. Purdue Research Foundation 3

SEMICONDUCTOR RESEARCH. QR no. 1, 1 July-

30 Sep 54. (Contract DA-36-039-sc 63222). I
ASTIA AD-54 914.

Optical Absorption in N-type Germanium:
This study was made in the wavelength from 5-30 microns. The samples of
different carrier concentrations were at three temperatures: 4500 K, 2940K
and 780K.

2
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A ccmparlsoA o th ro~m temperatgre and liqltd n~trogen temperat ie
absorption cirvex £or a given *saple elaow that the absorptlon coeffi@!ent at
7OK is even higher than at 294°K for RuffIciently small wave numbers.

At L500K If the scattering is predominately lattice scattertig then theory
predicts that "a" is proportional to 'n" and the absorption should have a
slope of -9.3. The eorresponden@e betweet theory and experiment Indicates
an effective electron rass m*..13m where m is the free electron mass,

6. Stoeckmann, F., et al.

Photoconductivity of electron bombarded Ge

(Abstract of meeting). PHYSICAL REVIEW

v. 98, n. 5, P. 1535, 2 June 1955.

The photoconductivity of n-type Ge illuminated with light in the fundamental
absorption region, increases during bombardment with fast electrons (6 Mev)
at 90 K. The increase is fast at the start of irradiation, slower after
prolonged bombardment amounting to two orders of iignitude. The time constants
of the rise and decay curves are about one second. The photoconductivity
decreases as the sample is converted to p-type. These observations show the
production of hole traps by the bombardmerrt.

7. t-.hanov, Y. I.

An investigation of infrared absorption

by minority carriers in germanium. SOVIET

PHYS, - SOLID STATE v. 1, p. 326-329, Mar 1959.

An. icvestigation of the absorption spectra due to hole injection in germaniuam
over the wavelength region from 2 to l3p at room temperature and at T = 1050K
is reported. Two weak maxima at 3.4,p were observed at room temperature. At
wavelengths above 5.5 1 the absorption increased sharply, remaining constant
over the region 9 to 13p. At T=1050 , Instead of two maxima at 3.4 P and 4*7pp
a narrov absorptitn band was observed at 4p with absorption comparable to that
observe4 at room temperature. On either side of the maximum the absorption
decreased to vanishingly small values. In the region from 6 i the absorption
increased omoothly, reaching a maximum at 12p approximately equal to the room
temperature value. There is good agreement between the absorption spectra
due to injection carriers in n-type germanium and the absorption spectra due
to equilibritun carriers in p-type germanium.

3
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8. Becker# M.p Fan, H. Y. and Lark-Horevitz, K.

Infrared absorption of nucleon bombarded

silicon I (Abstract of Meeting) BULLETIN

OF THE AMERZCAN PHYSICAL SOCIETY v. 26,

n. 6, p. 43, 24 Oct 1951.

aecent investigations show that the absorption in silicon, beyond 1.1 mieron,
rises again toward longer wave lengths and is smaller the higher the resistivity.

9. Cole, Re L. and Mitchell, G. A.

DEVELOPMENT OF SILICON INFRARED OPTICAL

COMPONENTS. Texas Instruments, Inc., Dallas.

Quarterly progress rept. no. 4, 1 Sep-i Dec 59.

(Contract AF 33(600)380085). ASTIA AD-234 420.

Descriptors. Infrared optical mterlals*; Silicon*; Casting' Infrared domes*?
In1rared windows; Radiation effects; Molding materials; Neutron bombardment;
Silicon compounds*; Monoxides; Nitrides.

This Document inclides;

Romankop J.

EFFECT9 OF REACIOR RADIATION ON THE OPTICAL

PROPERTIES OF SILICON AND SILICON MONOXIDEs I
Convair, Fort Worth, Tex. Rept. no. FZK-118.

(Contract AF V3(6o0)38o85), Ii
A casting process has been developed to produce silicon domes and plates up 3
to 4 in. in diameter. The same process will be tsed to cast 12 in. -diam

4I
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demes ad plates. Work eontinues Q the dovelepment o. st+,geturally sound,
Mue silgto nltz'ids., Sol. There molds would be Used la conjixnation with
the vwlt% or pour Casting anethed of obtaini ailc.Lon ingots. Design and
fabrication nears complqtLoa an the h@t forming smachiue whiLch will be used.
to thermally deformn plates of silicon. An epoxide dasting resin still
appears to be 1f- most sudtable adhealva for joining or bonding siliccn to
Itself. After Irradiatioa, joined Sallc= sampJes were Sound to inQrease in
bonI stren4th some 30 to 40%. Rept. no. MvAK-118; SpeoifIQ matters of
Int aert in Qis effort, Avc1 ejhasizes Qe 2-to 6-.u reglon,.include: (1)
a study of the literature oa tie effects of nuclear radiation oil silicon
optIGs: (2) the high-temperature characteristiQs of very bigh-resistivity
silUcoti, such as miiht be obtaired by. Aeutron bombardment; (3) the expected
rad.Latioa'enviroament to wbigh sucL @qu.pment could be subjected and expected
to function; 9nd (4) the use Of heatrOn bombardment to raise economically
the eleeti1eal resistivity of low-grade si.icon to a eevel suitable for
optioal use.

10. Cole# Re L.

DEVELOPMENT OF SILICON INFRARED OPTICAL

COMPONENTS. Texas Instruments, Inc., Dallas.

Quarterly progress rept. no. 6, 1 Mar-1 June 60, 38p.

(Contract AF 33(600)38085). ASTIA AD-240 268.

Descriptorsl Infrared optical materials*; Silicon*j Infrared domes*; Castingl
Infrared windows; Radiation effects; Molding materials; Silicon compounds*;
Monoxides; Nitrides; Vapor plating; Hydraulic presses.

A casting prooess has been devel~pad whiGh will consistently produge 12 inch
diameter x 5/8 inch thiok cast silicon plates, and 8 - inch outside diameter
x inch thick cast silicon domes. A large hydraulic press and furnace
eodbinatlon h@s ben cowpleted. This machine was deeigned specifically to
tLarmflly deform uaSt 9ilicoa plates into spherical aegments. The segments
are then bonded into 7 2 incki outside diameter x - inch thick mosaic silicon
domes. In order to supply silicon plates and segments for the large mosaic
domes and plates, the east plates were all produced on a small casting
machine previously' built and normally used for produaing four-inch diameter
domes. The silicon wsaic strugtures will receive a final progess which
Involves grtnding, polishing and coating. Two f&ur-inch diameter silicon
vapor deptaited doms have been produced, but have slightly low transmission.
They are rerhatilally strong with no visible voids or inclusions. In
addition, an appreciable reduction in adsorption at nine microns was realized.
Strength tests performed on pressed silicon samples show virtually no change
in the moduli of rupture and elasticity over values obtained with east or
grown silicon samples,

LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION



S..I,, Colo# R. L., Mitchell, G. and Sicks, Y7.

DEVELOPMENT OF SILICON INFRARED OPTICAL

COMPONENTS (TRANSMITTlING WINDOWS) Texas

Instruments, Inc., Dallas. Pinal techaical

engineering rept. AMC TR 60-7-719. 1 Nov

58-25 Aug 60. Dec 60, 211p. (Contract

AF 33(600)38085, Proj. 7-719). ASTTA

AD-250 513.

Descriptors; *Infrared windows, *Infrared optical materials# *S~llcnp
Casting, Mechanical properties, Productio, Radiation effeots# *Seniconductors,
Impurities, SiU.aon compounds, Monoxides.

This rept. Includes:

Romanko, J.

EFFECTS OF REACTOR RADIATION ON THE OPTICAL

PROPERTIES OF SILICON AND SILICON MONOXIDE.

Convair, Fort Worth Tex. Dee 60p 21p.

(Appendix A to AMC TR 60-7-719).

Hill, 0. H.

EXPERIMENTAL STUDIES OF THE EFFECTS OF REACTOR

RADIATION ON THE UP GRADING OF IMPUXE 5ILICON.

Convair, Fort Wortho Tex. Dec 60, 26P.

(Appendix B to AMC TR 60-7-719).

S.1con plates up tO 12 inches la diameter by I. rlch thicIl and silicon
hevntspherical domes up to 8-4 inches in diameter by 41 inch thick can be
economically cast or segmented for ise as infrared transmitting windows.
The optical transmissorc of nuCaear reactor irradiated silicon showed some
improvement for limited wavelengtns.

6
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Corbett, J. W.

DEFECTS IN IFRADIATFD 5ILIGON 11. !ZWFRARED

ABSORPTION OF TR2 SI1-A CENTER. General

Electric Research ,aboratory, Schenectady,

New York. 60-F-(2559 M) Oct 60, 27P.

Also In TH{E PYSICAL REVIEW v. 121# n. 4#
p. 1015o1020, 15 r eb 1961.

The Si-A center is a min,)r, radiation-damfge defect produced in "pulled"
silicon by room temperature irradiation. In this report (11)p we present
the infrared measurements wiih, In cnQunetion with the spin resonance
measurements of the preceding report (i), establish the Identity of the 81-A
center. A ziew infrared absorption band is observed at 12 ;a in electron-
irradiated silicon. This band Is shown to be a vjbrationrl band of impurity
oxygen in the lattice. Macrosoopic and microscopic correlations between the
12 p band and the spin resonance of the SI-A center are presented. The
macrosoopic correlations are of production rate, rmoovery et*. The microscopic
aorrelationsderi te from the absorption of polarized infrared radiation by
samples of various crystallographic orientations, subjected to a Uniaxial,
compressive stress. Partial alignment of the defects Is irduted by the stress
and is detected as a dichroism In the 12 p band. This alignment is compared
to the corresponding alignment studies In the spin resonantce Ueasurements in
report 1. It is sho"n that the kinetics and siagnItude of the response to
the stress are the same for the defects observed in both types of measurements.
Th~s shows that the 12 u band arises from the &i-A center and establislied the
comfiguration of the oxygen In the defect. These resul.tsp together with the
results of report I allow us to oonclude that the Si-A center is a lattice
vaaQancy with an exygen atom bridging two of the four broken bonds associated
4th the vacancy. The remaining two bands can trap ai electron giving rise
to the spin resonance speetrum nf thee defect. The identification of the
Si-A center indicates that the vacancy Is mobile in a room-temperature
irradiation.

13. Corbett, J. V., Watkins, G. D. and Chrenkop R. M.

Infrared stu dies of cle(tLroa Irradiated

silicgrn Z. BUU. AM. PHYS, 90G. V. % 3er. rIs

p. -5-,6 (A), 27 Jan 16.

The IFR asorption spectrun (1.4-14p) el' ellfcon irradiated at room temperatlure
with 1.5 mev electrons was discussed. A sharp band at 1. Pp with an intensity

LOCKHEED AIRCRAFT CORPORATIOI'J MISSILES and SPACE DIVISION



3.3. (Cont'd) -76,211*12

roughly proportional to the coacentration of dissolved oxygen originally in
the sileon has been ob etved. The produeton rate of this band ve; iiadiation
correlates with that of the defeat preiously studieA In spin resonanae
(A *eater) ana in electrical measurements (net aecepto at Ec- 0.17 Gv), vhIc1%
has been shovn to be strongly dependent upon oxygen conten, The annealing
behavior or the 12 ju bard is similar to that of the other measilarmentsp again
suggestig that they arise from the same defect. In a sample enriched wita
14 peroent 0"l a small subsidiary peak is observed which Identifies the 12 ji
absorption as arising frm tne vibration of a single oxygen atom. These
data lend support to the model proposed from spin resonance studies that the
A center, which is the dominant defect produced by irradiation in pulled
silicon# Involves am Oxygeu atog trapped in a lattice vacancy.

14. Fans Hi. Y..

Infrared absorption of nucleon bombarded

silicon TI (Abstract of meeting). BULLETI1i

O THE AMRIN PHYSICAL 900Tr v. 26p

n. 6, p. 34, 24 Oct 1951.

The reduction of long wavelengths absorption to very small values is aonvincing I
evidence for ascribing the long vavelength absorption of free crriers. !
15. Fan, H. Y.

BMICOHMtCTQR RESEARCH FOURTEENTH QUARTERLY

RZPORT. Purdne University, Purdue Research

Foundatior, Lafay'ette, Indiana. PRP-1258, I
Progress Report, 14th Quarterly Report.

1 Nov 59-31 Jan 60. LSTTA AD-235 332.

SeVeral additional lattice absorptton bands were observed in electron or
neutron bombarded sflicon between 9-14 mcrons. A summary is given of tie
investigation of electron spin resonance In nextron irradiation ailicon.

|11
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i6. Faa, 11. Yo aid Ramdasp A. K.

Tnfrared absorption in feutrgn4:1?adiated

silicont. J. PHXS. CEM4. SOLIDS v. 8,

p. 272-274, Jan 4L59.

Irradiation by high energy neutroun and eleatrone produces ia silicon Infrared
absorption bands associated with the iutroduoe, lattice defects. several
bands have been observed. The possibility of observing a particular absorption
band depends on the Fermi level in the irradiated sample Vhioh deterlines the
state of ionization of the defects. Tte absorption was stuaed after am ealirg
the sample at different temperatures. It was found that the yarious a'bsorptlou
bands are associated with different types of defeQt centers. One of the bands,
at 20.5 microns, increased or decreased with temperature annealing depending
on the Fermi level. The observation is understandable on the assbmption that
the anneal of the type of absorption center depends upon the state of ionization
of the defects.

17. Hill, 0. H.e, Gole, R. L. and Mitchell* Go A.

DEVELPMENT OF SILICON INFRARED OPTICAL

COMPONENTS. Texas Instruments, Inc., Dallas.

Quarterly progress rept. no. 5, 1 Dee 59-

I Mar 60, 83r. (Contract AF 33(600)38085).

ASTIA AD-237 392.

Descriptors? Iafrared Optisal materials* Silcov*j Ilifrared domes*, casting;
Infrared vArovaj, Piaton effegtsi Molding iratexialsi Silicon compounds*;
14onoaxidese Ntridea.

A casting proceas was developed to produce sillcoa domes and plates up to
6 ixi. in diameter. Is a9me process will be used to cast 8--in. -diam
silicon domes and up to 12-in. dja silicon plates. The fabrication cr the
hot forming machine nears completion. This machine will be used to press
4 3/4 -1n. -diam by 7/16-in. -thick cast silieon 21ates into spherical
segments wvLch will be Umed to form 741-In. - diam mosaic silicon domes.
Cast alliaon plates, 4 3/4-ia. lia diam by various thicknesses, Vrill be use4
to form the reqlired 12-1a. -diam mosaic plates. The affect QC irra.ation
on Silicon monoxide *oatings and the e~fecto f irradiation on the absorption
coefficient of low regiati'ity aillien was investgated. Irradiation *f
aillcon monoxide cOatIngo sbowed little diffetence before and after irradiation.
Rowaver, the effect of irradiation oa the absorption moeff;cient of low

9
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lI
resistiviLy silicon vas prionouncedo Low resistivity n-type and p-type silicon
sl1ewel a transfOrmation after ifradiatlon that markedly reduces their
absorptlon coefficient. The reductLon was rion-linear with a small reduction

at 2p to a large reduction at 4-1 to 6p

Long*# To As 1
NUCLEON WHFADTATIOP 1P OraILICON SEMICCNDUQTORS.

A~ thetis Submitted to the FaQulty of' Purdue 1
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3.9. Lojigo, To A. and I1leitman D.

Neutron irrdiatcl silicon (abstract of

meetings) PHY91AL REVIEW v. 1009 n. 4,

p. 1260-1261, 15 Nov 1955.

After fast neutrou irradiation at 45 C the temperatire dependence of Hall
coefficient and resistivity of both n-type ani p-type sinigle crystal si2i4on
samples indizated that intrinsic behavior was approaGhed in each sample.
A 1.75 yx peak in the optical absorption eoefficient was observed. Appreciable
photoconductivity was observed beyond the fundamental region to about 1.5
after which there is a sharp drop with a shoulder in the region between 2
aud 3 u. Annealing experiments were continued.

20. Purdue University. Physics Dept.

SEMICONDUCTOR RESEARCH. Second Quarterly

Report. I Oct-I Dec 54. (DA 36-939-sc63222).

Effects of Annealing iL Neiltron Irradiated Silicon.
Infrared optical absorption mcasurements were made on p-type neutron bombarded
sample of Siligon II after Qertain amourits of annealing. After annealing the
1.8y alsorption peak decreases and appears to acquire a long wavelength tail,
both at room temperature and at L. 1.

21. Purdue Research Foundation.

9EMIGONDUCTOR RESEARCH. QR no. 12, 1 May.

31 July 59. (DA 36-39-sc 71131). ASTIA

AD-230 803.

Iafrarod absorption in irradiateI siliccal by A. K. Rn- das and H, Y. Fan.
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22. * 'a 1lcv, V. 3.

Absoroptloi of infrared rad!tloriby free

charge carriers In silieon. FIZ, TVZRDOGO0

TELA v. 2p n. P, p. 374-7, Peb 196).

On ftssl.a)

Reports an itivestigatiin (qt i 950 ) of the aosorptjOu Of 1-J.1 1 radiation 4n
ili@on mTerystals of p- "nd n-type with free carrier densities from 101
to 5 x O cm-3 and Ju silicon previously irradiated with fast neutrons
(carrier density ijOl cue3). Gomparison with Fan's theory (Abstr. 877. of
1956) gave a mea effetive, hole mass of 3.6 A 10"2g. It was founj that
Fa'a relationhip it 3,12 ( t Li the absorption Coeffiolent and X is the
wavelength of infrared radiation) was not satisfied Ic n-type ari'stals and in
Ughly transparent p-type Qrystals.

23. Vavilov, V. B., Flotnikov, A. P. an Zeklmtit, G. V.

Infra-red abosrption of high-resstlvity

silicon with radiation-induced defects. FIZIUA

TVERDOGO TELA v. l, n. 6, p. 976-978, 1.959.

(Tn Russiau). SOVIET PHYSICS-BOLD STATE

v. 1, n%. 6, p, 894-895, 1959.

The absorption coeff.p df, ia the i range a-. i Vere determined for p-type
5i before ard after irradiatioa ith fast (-I 1AeV) neutroas, the elect.
resistiv y of the defect-free cod itradiated specimens being 65 and 2 x 105
Aem, resp. In the 2"2-7- range, e of the irradiated specimens at room
temp. was< 0.1/em. Ia addn. to the absorption zone (with a max. at 1.8 )A at
room temp. and at 17 i at 200K) dUle to lattice vibrations, another atsorption
zone (with e moa. at 9 ;), associated with the presence of 0, was observed!

Vatkinss G. N., Gorbe~t J. W. and MeDonald, R. S.

larared studies of electron irradiated silicon

II. BULL. AM. PhYS. SOC. v. 5, Sr. III'#

P. 26fA), P7 Jan 190

The annealing of tke 12p band produced in silicon by room temperature
Irradiation with 1.5 mev electrons (see 6050) was discussed. The first stage

12
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('J3000) consists 0L the disappearuno& of the 12)1 boa and the emesgenae of
a new band at 21.31 of approvimately the sain intensity. It is primarily In
this stage that the spin resonareg center anreale and eleotrical properties
recover. It is clears however, that the sample has not'been returned to Its
initial state. During subsequent higher temperature annealing (- 50O0C), the
11.3A band d4sappears and a succeseion of bands betVeen 11.3 and 9pu band
emerge and disappear. Duxlcg the second stage the 9, band associated with
oxygen in its original state Is also observed to "Lwinish. A model of these
annealing stases which is also consistent with the identifieation of the
l band as arising from an oxygea trapped in a lattice vacancy was presented.

25. Watkfns, 0, 0. and Qorbett, J. W.

DMECTS IN fLRRADIAIED SILICON I. ELECTRON

SPIN RESONANCE OF THE Si-A CENTER. General

hleetric Researoh Laboratory, Electron Physics

Researchi Metallurgy and Ceramics Research,

Sehenectady, lev York. Report no. 60-EL-

(2558E), Oct 60, 148p. Also In PHYSICAL

REIVIE4 v. 122, n. i, p. lO01-101*, 15 Feb 1961.

The Si-A center is a major, radiation-damage defect produced in "pulled"
sil con ty a room temperature irradiation. As a result of studies describecd
In this report (I)# and the following one (II), it is concluded that this
center is a lattice vacancy with an cxygen atom impurity bridging two of the
four broken bonds assoeiatsd with the vagancy. Spin resonance and electrical.
activity arise from an electron trapped In the other two bonds. In this
report (,I, the spin resonace studies are described. A molecular orbital
treatment of the trapped electron wave-function satisfactorily accounts for
the observed g-tensor, as wd!l as +h- hperfine inter'action observed with
neighboring 4.7 per cent. abundant Si9 nuclei. Study of the changes in the
spectrum of a sample cujectd to uniaxial stress are also described. Under
stress, the amplitudes of thc individual resoaanae components (which correspond
to different orientationE of the defect in the crystal) are observed to ctnge.
This results from (1) electronic redistributicn of the trapped electrons
among the defects, and thermally activated reortentation of tbe defects
themselves under the applied stress. These two effects are separated and a
quantitative study of their magnitudes and signs, as well as their rates, is
given. The results confirm many of the important microscopic features of the
model.

.13
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GERMANIUM AND SILICON

26. Arizona State University, Tempe, Arizona

RADIATION EFFECTS IN SOLIDS - AN INVESTIGATION

OF THE FLCTRICAL AND OPTICAL PROPERTIES OF

SEMICONDUCTORS AND INSULATORS WHICH HAVE BEEN t

IR1ADIATED BY FAST NEUTRONS. Final Report AT

(11-1)715. Oct 60.

This study indicates that TiO can receive a rather large exposure to fast
bombardment with Uttle effee? on electrical conductlvi4 * The results of
this work irdicate that an exposure of aoproximately 104,f fast neutrons/cm 3

are necessary to produce a notleable effect in the resistivity of the

rediAed samples.

Boltax, A.

Behavior cf &emiconuctor and magnetlc

rnaturials In sadiation environnmont. E TRICAL

MANUFACTURING. Mar 1959, P. 90-95.

Thearettaftl And experimental behavior of several semiconductor and magnetic
aiater~als under rradiation. Charts and graphs are presented to illustrate
reaults obtained uuder specific gonditions. Techniques for minimizing
radiation effects are also presented.

28. Crawford, J. H., Jr.

International union of pure and applied

sold state ulrsics In electronics and

telecomm~n2ifations. PROCEEDINGS OF THE

CONFERENL , 2PJSLSEIS 2-7 June 1958.
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ACADIMIC PBESS v. 4: Magneti* aud

optical properties# pt. 2, p. 77-807,

1960,

The influence of ra&iatioi-inauced defeets on the behavior of diamond-
structuired semiconductors and devices,

29. Fal, U. YO) Ut la

SEMICONLITOR MaARCR. Pu2duo.Reearch

FoundatiOn, lefayette, IG. QLartwly

rept. no. 15. Rept. ao. PIM 1258. 1 Feb-

30 Apr 60, h3p. (Contract DA 36-039-9c-

71131). ASTTA AD-219 7;96

FJZTJCAt A/7D OPTICAL PROPERTIES; Tnvestgation of latotioe scatterirg
mechanisms in p-type germanium from hot eartier studies. Tba delsendenee of
mobility of bot carriers on carrier coneen"rStiO@ aud crystal orlentattou,
EleTric field induced hot carrier Inedulatior of infrared radlatiou, Effect
of lithium diffusion on Impurity corction in stlicau, MicroVmve conductivity
of semiconductors, and Analysis of resistvity in' single crystal teliurium.
IRRADIATION EFfeCTS: Oxygen depeade1t absorption baads on Irradiated siliori,
Spin resonance In neutron irradiated silicon, and Paramagentic resonance
Investigation in irradiated silieoas 1OW TEMERA URE STUDIM8: Adiabatic
demaguaizanie o cryostat, for low tenperature resistivity measurements$
Magnatic suseept.bilit, and Transpot% properties of germanium at low
temperatar'es. GENERAL: Choice of gauge In pertib&tion theary, Perfection
of silioon crystals, Silicon single crystals, and DIslooation free germanium
crystals.

30, Fan, H. Y, and lark I{orovita, Ka

IWRAIIATION OF SEMIGONDUCTORS. Purdue

Ufniversit Department oC Physics.

Nj Aug-7 Oep 56. (ConLract DA 36-039-sc-

71131, AT(If-I)--1P5).

Cermaliun semicon4uct rs of various resisti vittes and carrier @oncentrations
have been irradiated "ith 9.6 Mev deuterons 4.5 Mev poloniumt-particles and

15
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4.5 Mev electrons. The energy level$ Introuced by defects have been determined
from the removal rate of carriers as a function of the Fermi level in the
semiconductors, from the teaper%.ture dependence of Hall coefficient and
resistivity and from the spectral response of photoconductivity. All this
information leads to a model of the degects, in general agreement with the IIconclusion that interstitials act as donors, vacancies act as acceptors, andthat each interstitial and each vacancy can introduce severa levels.

The irradiation of silicon with neutrons, as well as with electrons and
deuterons indicates that starting both from Ti- and p-type material, one
obtains, after prolonged irradiation, intrinsic material. Whereas, annealing
in irradiated germanium is readily observed at room temperature, large annealing
effects are observed in irradiated silicon only at elevated temperatures. The
1ehavior of the irradiated material indicates that levels are Introduced close
to the top and the bottom of the energy gap.

31. Fan, H. Y. and Lark-Horovitz, K. I
IRRADIATION EFFECTS IN SEMICONDUCMORS.

Purdue University Derartment of Physics. '

June 57.

SemicolduQtors are a class of materialp the eleatronie properties of vhiah
are most sensitive to imperfeetioas of the er~stal lattice. This is
evidenced by the controlling effect of small amoulits of chemical impurities
which axe one type of lattice imperfections. Irradiation by high energy
particles can prod-ce therefore radical ohanges in the properteas o: a
semicoaduat@r by creating defects in the crystal lattice. These de~ects may
Introduce new energy levels. Thus the electrical Gonduet£v~ty of a semioondutoor
may change by orders of magnitide as a result of i~radiation, whereas in
metals the changes are measured in pereent. Many other properties are likewise
sensitive to irr'adiation, making irradiation effects ia semicondActore of
interest.

312 Johnsoii, V. 1. and Lark-HorOvitz, X.

NEUTO -Q TRADIATroN OF umi-GOnUCTOpi.

FIreh.ld 4agiag und Airplane Corlporation.

Nepa Division Oak BIdge, Tennessee. 20 O . 3
High Resiltawee 1. Type Germanium Conductance Versils Time of Irradiation
N Tnpe Gessnaniua Sample| Conductance 1 R Versus Time Qf 'r84ia %o
Resistae of Low Resistivity N ?ype Sllyon Plate Verais Time of Irradtation I
Resistance of High Resistivity P Type Silicon Plate Versus 'Time of Irradiation

16 3,
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P Type .A311con O Versus 1/T After Ifeutron Bowbardment
Vesistaice of IN47 Ractifier Whien The Resistance Is Determined by. Spreading

Res~stanee

Torward Resistance of IN38 Crystal Rectifier Versus Time of Irradiatio
Paiward & Back Resistance Qf IN'3 Silicon Crystal Rectifier Versus Time of

Iradi ati on

. . Lord, R. G.

jar lagrared transmjsuioi of siJ.1com and

gerxfniu%. 140CA PEVIV v. 85, p. 140-141,

14, Lusk1, T. F.

,Inrar rr~n~i~n r.mterlal vould be

umaffected bY ra4liatorm in Spaces ELECTRONIC

DEZIGN v. 8, P- 74, 26 Oct 1960.

?nvestigatinn of the transmission properties of 15 Infr red optleal materiale
etpose tO three levels of gamma r diation - 0.975 X 10 , 1. 55 , and
I x. 10 roentgens. Reaults are presetted In tabular form, ....

PhIlpp, H. F. a.id Tatt, E. A.

Optical conststs of gealanita ald siltoon

in the region 1 to 10ev. BULILETN OF THE

AMERICAN PHYSICAL SOCIETYO leries II, v. 40

p. 27(A), Jan 1959-

Measurements of the reflectan~ce of single-orvaal lermanim and silicOn in
the range 0.6 to 11-3ev were reported. Tkm Irafers-Kronig relation was
&pplied to this spectrwms and the real Md imaginarl parts " the Qorlex index
of refraction, n and k, wEre detApini ed. Tie rasalts for germanium agree
with the recent measuremtnts of Archer tnd extend his valtes beyond 3.5ev.
Pronounced structure is observed in beth germanUim and silicon in the vicinity
of 4.5ev, The extinction coefficieit rises to a peak near this eWergy. At
800K, the peak sharpens and shifts toward higher energy. The strength of
this absorption should be useful in testing aid refining band structure
calculations. Based on the Frohlick-Pelyer criterion, which is applicable to
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'4

non-.etals. no eviaenae twr plassa qsci.1at~ns was founds Discrete energy
losses have been observed at higher aner"gyp and It would be of considerable
Iftereat to extend the resent data to that razge.

36. Purdue Research Foundation, Lafayette, ;nd.

Bets. no. PRF 1258. rinal ept. . JvJy 5-

jo Sop 60, 47p. (Contract DA 36-O39-sc.1.151).

ASTIA AD-251 056.

Rot carrier studies
%rfaa etudijes
Tapurity conduiction
Opt'74" praPerttes
INagnatlc properties
Specifie heat
Thbnaor conductidty and thermaeleataie power
Irradiation effects
Grystal growth and structure ivveetlgat@n
Theory

37. Purdue Un versity Depar'tmenb of Physics

SM CODUCTOR RE4EACR FIFT QUARE1Y

kWPORT I July 57-30 Pep 57. (Contract

DA 36-039-8c-71131).

Preparation Of Naterials
Preparation an Analysis of 3uhlk Semi Gondtictors, Roth* L.
Growing of Silicor Single Crystals. Klose, P.

Theoretical Problems
Level Denefty Functions in Disordered One-Mmensional Crystals. James, He M.

Optical kroperties
The Absorption of Germanium and Telurium at Long Wavelength. 7Asher, P.
I and Fal, lie Y.
Infrared Absorption in TeUurium. Caldwel., Re 9. and Fan H. Y.

Low Temperature Problems
Apparatis for Measuring Specific Reat down t4 0.4 tTsing A Bath of Re 3 .

%idel, G. and Keegon, P. H.
7l.ctri.ca. Measurements of Silicon at Low Temperature. Bay, R. K.,

Longo, Ts and Lark-Horovitzp K.
Paramagaetle Resonance
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Paramagnetic Resonance in Irradiated Silicon, Nisenoff, M. and Fan, H. Y.
Electrical Properties.

Electri al Properties of High Resistivity Silicon. Wang, E. Y. and Longo,
T. A.

Surface Photoconductive Effects. Cunningham, R. 1. and Bray, R.
Bombardment Experiments

Alpha-Partiele Irradiation of Ge at 4.20K. Gobeli, G. W. and Lark-loovitzq
K.

Changes In Mobility of Charged Carriers Produced by Deuteron Irradiation
of Silicon. Longo, T. A.

38. Purdue Research Foundation

SEMICONDUCTOR RESEARCH. QPR no. 6, Dec 52.

(DA-039-sc15339). ASTIA AD 3377.

The infrared spectrum exhibits a group of absorption bads which have been
present in all samples examined, In silicon which showed similar absorption
bands, nucleon bombardment failed to change the absorption banua in either
magnitude or position. The absorption in Ge were taken using samples from
several different melts of high purity material. In all eases the results
were Lhe same as given in QFR no. 3. In samples of resistivity from 40-Q3
ohm.-cm the lattice component is unaffacted.

39. Purdue University Department of PbVdSes

SELICONDUCTOR RESEARCH SIXTH QUATERLY

REPORT. I Oct 57-31 Dea 57. (Contraot

DA 36-039-s-7.1131).

zrepaii&tion and Analysts of Materials
Prea-ation of Germanium and CGond Single Crystals. Roth, L.
Growing of Silicon Single Crystals. Klose, P. H. and van der Aa', J. W. D.
Double Grystal X-ray Spectrometer. Yeariar, H. J.

Optical Prcerties
Effect of Irradiation on Infrared Absorptift In Silicon. Ramdas, A. K.

and Fan, H. Y.
Low Temperature Problems

The Specific Heat of Zinc in The Normal and Supercondu. tig States.
Keesom, P. H. and Seidel, G.

?Magmetic SusceptibIlity. Gerritseo, A. 1T@ and Damons Do He
Paramagnetic Resorance In Irradiated ille n. Nisenoff, Y. and Fang H. Ye
Low Temperature Specific Heat of tv4obdeuum Aloys. Bryant# 0. A. and

Keesom, P. H.

.19
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Transport Properties of Iermanium at Low Temperatures. Goff, ., F. and
Pearlman, N. 1

Electrial Properties of Silicon at Low Temperature. Ray, R. K., Longo,
T. A. and lark-Horovitz, K.

Annealing of Germanium Following Alpha-Particle Irradiation at 4.2 0K.|"
Gobell, G. W., Fan, H. Y. and Lark-Horovitz, K.

Surface Properties
Surface Seasitive Conductance of High Resistivity Silicon. Wang, E. Y.

and Longo, T. A.
Aall Effect Measurement at High ElectriA Field. Brown, D. and Bray, R.
Spectral Dependence of Surface Photoconductivity in Ge. Cunningham, R. We

and Bray# I.

4,0. Purdue ResearQ4 Foundation

SE41.ONDUCTOP RESEARO. P R o. 9, Sep 53.

(Contract DA-36-039-se 63222). ASTZA

AN4.3 314, I
A summary of test results for this period can be fotxnd .1 the Sumnary Report
dated I Jul~y 51-1 JU4~ 514s knomMA m~ SimiaoxaoflnQT RisEAcH.

41. Purdue University Department of Physics

SEMICOkIDUCTOR RESEARCH TENTH QUARTERLY

REPORT. I Nov 58-31 Jan 59. (Ontra~t 3
DA 36-039-sc-7l131).

Thermal Capture of Electrons by Vacancies. Paranjape, B. V. I
Preparation of Semiconductor Crystals. Roth, L.
Photoconductivity and Sweepout for Case of Majority Carrier Trapping. Bray, R.
Bulk Conductivity at High Electric Field. Brown, D. and Bray, R. I
Impurity Conduction in Silicon. Ray, R. K. and Fan, H. Y.
Transport Properties of Germanium at Low Temperatures. Goff, J. F. and.

Pearlman, N.
Impurity Photoconductivity in Germarium. McConville, G. T. and Fan, Its Y.
Infrared Absorption in Irradiated Silicon. Ramdas, A. K. and Fan, H. Ye
Paramagnetic Resonance in Neutron-Irradiated Silicon. Nisenoff, M. and Fan,

H. Y. with Appendix by Wun Jung I
Magnetic Susceptibility. Damon, D. H. and Gerritsen, A. N.
Anomaly in the Specific Heat of Rhenium. Bryant, C. A. and Keesom, P. H.

20
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42. Purdue Uanversltye Dept. Of "lea

SEMICONDUCTOR R&SEARCHe Fina2. Reors

1 July 54-30 June 56. (Coatract DA

36-039-sc63222).

Infrared absorption Jj 4-type Germanium.
The invest1gation was *arried out at dirferent temperature# and from 5-30
microns. The results indicate that at high temperatures the lattiGe scatteri.ag
beQomes importan f~r the absorption.
Infrared "sorption in n-type silicone
The magnitude of the absorption increases with the eanduetivity of the samples
MeasUtrements have also been made at liqutd nitrogen and 3iquid helium
temperatures. The band remains the same. The resalts suggest that the
absorptLon band corresponds to exeltation of zonductLor eleotroas or electrons
on donor impurities to higher energy bands.

43. Purdue Unversitys Depte of Mystes.

SUMMARY OF SEMIGONDUC=VR REVS!H. I July

5 .- 1 July 54. (Contract DA-36-O-sc 15339)o

Infrared lattice absorption bands in germanium, silicon.
Infrared absorption bands characteristlas of the crystal lattice were Investigated
for germanium and silieon. The absorption wag found to be insensitive to
lattice im erfeotions due to Impurities (,vlOlcm"3) and due to disorders
(-O cm) produeed by nucleon Irradiation.

44. Raytheon Vaufaoturing Company Research

Division, Waltham, Massachusetts. STUDY

OF SEMICONDUCTOR MATERIALS AND DEVICES.

Final Report. Index No. Ne-110458-Subtask

4. 1 Oct 55-30 June 57. (Contract

NOb sr-72537)

Includes detailed discussion of work done during the Seventh Qdarter, I Apr
57-30 June 57.

21
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DETAIL iACTUAL DATA.
The Behavior of Oxygen in Plastlcall,? Deformed Silicon
Optical Studies CA Slicon In the Infrared
X-Ray Measurements of Crystal Perfection in Silicon
Dislocations in Silion
Lifetime Measurements and Apparatus
Semiconductor Surface Studies
Positive Ion Bombardment of Germanium and. Silicon
Space-Charge Widening as a INunction of Collector J±as for Diffused Junction
Error in the Measurement and Calculation of Surface Concentration
Diffusion Studies
Silicon High-Irequeney Transistors
Silicon Power Transistors
High-Fre~uency Semiconductor Devices Utilizijg the Injection of Carriers into

Space-Charge Regions

45. Shaw, C. C. and Krogstad, Its S.

... NUCLEAR RADIATION EFECTS Ohl INFRARED

M4ATERIALS A3D COMEU6, PART I. EFFECTS

OF GAMMA BADIATION OJT IURARED TgA!bUTTING

MATERIAM. AND FILTEAS. Zletronics

Division Research and Development Branch#

Loekheed Missile 3ystems Divisions Palo Alto,

California. 16 Jle 58p 20p.

Results of a survey of gobalt-60 gawma radiatiov effects on the optical
properties of a number of infrared transmitting materials and filters are
presented.

This stuor Shows that# with few elcoeptlas, the materiply and filters are
insensitilve tO gamft radiation at a dosage lelel of 10' roentgens or more.

46. 8hilliday, T. S.

Opti cl effects in semiCondattrs.

BATTELLE TECHNICAL REVIEW v. 8 u. 9,

P. 7-13, bep 1959.

The author centers his discussion on the infrared region of the electromagnetic

spe@t'u. ie describes the effects of radiation upon aemiconductor devices,

2L
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discusses the devices of Interest in the a'ea, and points out how the phenomena
of reA.ation are ased in solid-abate research and in technology.

47. Signal Corps Engineering Laboratories,

Fort Monmouth, N. J. A SURVEY OF THE

NUCLEAR RADIATION EFFECTS ON SEMICONDUCTOR

MATERIALS AND DEVICES. Technical Memorandum

NR. M-1902. 1 June 57.

This report discusses some of the presently available information on the
offsets of radiation (primarily neutron and gamma radiation) on semiconductor
materials and devLces. Discrepancies in some of the results obtalned are
indicated.p and suggestions are made for further experimentation.

48. Spitzer, W. G.

INFRARED PROPERTIES OF SEMICONDUGTORS.

Department of Physics, Purdue Vniversity.

June 57. ASTIA AD-142 63,

Abstract
Introduction
Experimental Equipment and Procedures

Monochromators
Absorption Cells

Sample Preparation
Sample Thickness Determination
Technique of Measturement

Intrinsic Absorption Edge In Germanium and Silicon
Speutral Shape

Introduction
E~perimernta.l Measurements
DiScussion

Germanium
Silicon

Pressure Dependence

Introduction
Experimental Method
Results and Discussion

Germanium
Silicon

Effect of Impurities

23
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Garrier AbsQrption It N-Type Ceroaxtum
Introduction
Experimental Measuremertis
Discvssion of Results

&sorption in Silicon
P-Type Silicon
N-Type Silicon
Plastically Pure Silicon

Absorption and Reflactivity of Indium Antimuide
Tntroduction
Experimental. Measaremeuts
Discussion of Results

Zrom 5 to 35 micrOn
From 35 to 90 mteron
Beyond 90 M1.crozi

Determination of Optical Constants and Oarriet Eff ctive Mass of Semieond-ct)rs
Introdactiog
Theory

Electric Susceptibility, Conductivity, and Effective Mass of Free Carriers
EleQtrie Susceptibility D'ie to Interband Transitions

Zxperimental Method
Results and Discussion

N-Type Oermanium
P-Type Cermanium
N-Type and P-Type Silicon
P-Type Trdium Autimonide
N-Type Iradium Antimonide
IT-Type Itdium Arsenide

Bibliography
Appendix

Figure Legends

49. Cteel, H. and Owen, D.

EFFECTS OF RADIATION ON LEAD SULFIDE

INFRARED DETECTORS AND INFRARED OPTICS.

Boeing Airplane Company, Seattle Division.

Paper Presented at the nnd Scmi- Anual Weapons

System Radiation Effect Symposium at Battelle j
Memorial Institute. 22-23 Oct 57.

A dose of 2x104r is sufficient to cauge serious changes In the visible pa't" I
of the spectrum. There is however, lack of change in the IR. It has been
determined that 10 nvt doses were necessary to produce 5 to 10% Changes in
transmission in silicon and germani.un.

24

LOCKHEED AIRCRAFT CORPORATION MtSSIiE$ and SPACE DtISION



Z-7-61-2/SB-61-25

931LICA
fee Also Citation nO. 8P.

50. Ionk, C. .

THE GOLORATION OF OPTICAL WTERIALS BY

HIGIh WET.RY RADIATIONS. University of

Chicagov Argonne National Laboratory. ANL-

4336, 31 July 50.

The coloration by Irradiation of fluoride, calcite, and polaroid crystals
and of silica, lead, amd other optical glasses are discussed.

51. WeekS# &R A. and Nelson, C. M.

Trapped eleetrops in irradiated quartz and

silica: II. ElectrOn spin resonance.

o0URNAL OF THE AKWIGAN CERAMIC SOCTZTY

v. 4 3, a. 8, p. 399-404, 1 Aug 60.

The Gorrelation of two paramagnetiQ dafaQtst observed by the eleGtron spin
resonfnee (ESE) techaiclue, wtb to aptical absorptioa 'batids produced by
Y" -ray or neutron irradiation is indigate l. The peaks of the two absorption
bands fall at,2lO0 a.u. of 2300 a.t.

* 25
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FUSED SILICA

529 Arnold GO. W. and Compton D. Ii
Radiation effects in silica at low temperature

PHYSICAL REVIEW v. 116, n. 4, Ser. 2,

p. 802-811 15 Nov 1959.

Optical absorption bazds induced in fused silica and crystalline Or- quartz -

of low impurity eontent at 770K by fast electrona of X-rays bleach slowly
at room temperature. The presence of OH- tons in fused silica inhibits the

formation of such radiation-induced absorption.

53. Oale, A. J. and Bickford, F. A.

Radiation-resistant fused silica* NUCLEONICS .
v. 11, n. 8, p. 48, Aug 1953.

Tests carried out at High Voltage Engineerirg Corporation on insulating
materials for accelerator tubes include htgh-energy electron bombardment of
materials, mainly glassese proposed. or intended for this use.

54. Lev', Paul' .

ReaetOz aud gamma ray induced coloring in

COrning fused silica. BULLETIN OF THE AMERICAN

PRYSICAL SOCIE1M v. 30, n. 2, p. 18, IT Mar 1955. 1
The coloring niduced by g =ia ray and reactor radiations in fused si.icas
from varlogs ra ~ifacturers a4d la: Brazillian erystalline quartz has been I
studied by optical transmission measureents ia the region 2000 A to 1 micron.
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55. tevy, Pe V.

Reactor and gamma ray induced eolorin&

in Corning fused silica (Abstraet of

meeting) PHYSICAL RMIEW v. 9a n. 5,

p. 1541, 1 June 1955.

The coloring induced by gamma ray and reactor radiattons In fused silica
from various manufactures and in Brazilian crysta"line quartz has been studied
b y optical transmission measurements in the region 2000 A to 1 micron. Coming
purified fused silica shown practically no gamma ray ooloring while reactor
irradlaton produces a strong band at 2180 A, a weak band at 2420 A, and very
slight coloring in the visible.

56. Levy, P. W.

Reactor and gamma-ray induced coloring of

Corning fused silica. J. PHYS. CHEM *SOLIDS

V. 13, n. 3-4, p. 287-95, June 1960.

When crystalline quartz, fused silica and many other substances are slabject
to reactor or gS.m'.n-ray radiations the samples de'elop optical absorption
bands in the region 0.2-1 p. Usually, there are many broad bands which
develop and resolution of the observed spectrum Iito the component bands is
difficult. Corning fused silica is coloured less than al. of the materials
studied and the observed spectrum can be resolved into Its components by
propery iltilizing the variations in the relative absorption of tho different
bands crcatcd by changing the irradiation conditions. The Vost intense band
is mear 5.75 eV (218 mx) and there is a smaller one at 5.0 eV (242 m) when
*e sample is irradiated i the reactor at 700oG The 5.05 eV band has,
relative to the 5.75 eV band, low iftensity whea the reactor irradiation is
at 1700C but Is much stronger when the irradlation is at liquid nitrogen
temperatures Also, the peak of the .74 eV band shifts slightly with irradiation
temperatulre. The band at 5.05 eV, which can be separated from the other bands
without assuming a shape for it, is well fitted by a Gaussia curve and it Is
assumed that all other bands are similarly shaped. Wheri a spumple originaljy
coloured In the reactor is subsequently subjected to gamma-rays, additiogal
absorption bands appear and their intensitW Is Iproportional to "both the
reactor ald gamma-ray exposures. In all, new bands at approximately 5,,
4 ., 2.0 and - .. eV (223, 278, 62 and WOO urp 1 respectively) are present
w1th indications of four others.
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57. Nelson, C. M. and Crawford, J. H., Jr.

Optical absorption in irradiated quartz

and fused silica. J. PHYS. CHEM. SOLIDS

v. 13, n. 3-4, p. 296-305, June 1960.

Optical absorptioa studies over the range from 1850 to 26000 A have-been
performed on crystalline quart and fused silica after exposure to both fast
neutrons in the reactor and CoO0 Y-rays. The prominent band near 2150 A is
produced by -rays and neutrons in fused silica but fast neutron exposures
in excess of 5 x 100l cnm are necessary to cause appreciable development of
the corresponding band in crystalline quartz. With shorter neutron exposures
and 1-rays the absorption in quartz crystals is characterized by the broad
visible bands and continuous absorption which rises almost linearly toward
shorter wavelength below 3000 A. This continuous absorption probably
corresponds to the long wavelength tail of one of the bands observed by Mitchell
and Paige in the vacuum ultraviolet region. These results do not seem to agree
with their interpretation of the nature of e 2290 A band in quartz. On
annealing neutrou-irradiated quartz (5 x 10 neutrons/cm2 ) at 2500C a new
band at 2000 A develops, In fused silica, besides the 2150 A band, the
shoulder at 2400 A (resolved by appropriate optical bleaching as a band at
2570 A) which has previously been reported, was observed with both 1-rays
and fast neutrons. The rates of coloration of quartz and fused silica as
well as studies of optical and thermal bleaching are discussed. In the
fused materials a mechanism of photolytic coloration which appears to be
consistent with observations provides a suitable model which is based on the
rupture of Si-O bonds with the formation of free radicals as the principal
product. These and other possible defects are discussed in the light of
magnetic susceptibility and electron spin resonance studies.

58. Telson, C. M. and Crawford, J. H., Jr.

OPTICAL ABSORPTION IN IRRADIATED QUARTZ

AND FUSED SILICA. Proceedings of Conference

or Defect Structures of Quartz and Glassy

Oilicas, Book, John Wiley and Cons.

The vork described here Was initiated in an attempt .to learn more about the
chemleal and electronic effects that must accompany the loss of strtcture
in quartz aftar prolonged neutron irradiation. To this end,. measuremente
of optical absorpttoa spectra, paramagnetic resonance, and Tagnetic
susceptibi~.ity on various forms of silica E a function of neutron and gamma-
ray exposure were udertaken. The present paper nay be coustdered a progress
report on the optical portion of this work. Included here is a summary of
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the rate of coloration with both gamma rays and neutrons, the optical and
thermal bleaching behavior fand the effect of previous bombardment on the
susceptibility of fused silica to gamma-ray coloration.

Equipment and methods for producing radiophotoliuxiinescent glass at a rate of
5,000 pieces of specified dimensions per day were developed. The radiophoto-
luminescent glass is the sensitive element in the DT-60 ( ) PD Radiac Detactor
as specified in Interim Military Specification MIL-D-16153C (SHIPS). This
element is capable of indicating an accumulative dosage of X- and gamma
radiation over a range from 0 to 600 roentgens. The glass is made in this
program, as represented by melt number E-9880, successfully meets the
requirements of specification MIL-D-I6153C (SHIPS) to the limits that it was
tested.
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~ 1

VITREOUS SILICA

59. Simon, I.

Structure of neutron-irradiated quartz and

*itreous silica. JOURNAL OF THE AMERICAN

CERAMIC SOCIETY v. 4o, n. 6, p. 150-153, June 1957.

The structure of quartz and vitreous silica disordered by heavy irradiation
(1020 neutronq/cm ) of fast neutrons was studied by means of X-ray diffraction
and infrared spectroscopy. The results indicate that the structure of the
disordered amorphous form of silica resemblps closely that of vitreous silica.
It is suggested that the disordered form of silica results from thermal effects
(thermal spikes) accompanying the passage of knocked-on atoms through the solid.

60. Primak, W.

Fast-neutron-induced changes in quartz and

vitreous silica. PHYSICAL REVIEW v. 110,

n. 6, p. 1240-1254, 15 June 1958.

The course of I he charngeu produced by exposure In nuclear reactors and the
subsequent alteration of the radation-indiwcd property -hmnges caused by
heating were followed by measuring the dilatation, refractive index, rotatory
power and birefringence.

61. Prlmak, W. and Uphaus, R.A.

Fast neutron induced luminescence in vitreous

silica and quartz. JOURNAL OF CHEMICAL PHYSICS

v. 29, n. 4, p. 972-973, Oct 1958.

An attempt to measure light scattering by vitreous silica and quartz which had
been exposed In a nuclear reactor proved unsuccessful because of the appearance
of a reddish luminescence mach more intense than the scattered light. Since
ao reports of a red luminescence could be found, it was studied further.
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GLASSES
See Also Citation no. 51, 55

62. Best, J. V. F.

THE COLOURATION OF SOME OPTICAL GLASSES

BY X- AND GAMMA RADIATION. Atomic Energy

Research Establishment, Harwell, England.

A.F.R.E. C/R 1125. 10 Mar 53. ASTIA AD-1l 678.

Samples of optical and other glasses have been subjected to large doses of X-
and gamma rays and their z.sistance to colouration studied. Optical glasses
are more prone to colouration than plate glass and the borosilicate compositions
used for chemical glassware. Perspex, polystyrene and two European glasses
containing small amounts of cerium are very resistant to colouration. A
brief summary of recent American experience in this field is appended.

63. Colp, J. L. and Wdoodall, H. N.

Lffets of high zncutrori and gamma fluxes on

transmission charttcteriltics of some optical

glasses. Paper preseated at thf 61bst AnnUal

Meeting, SYWPOSTUJM OV RADIATION EFFECTS 01

MATERIALSp Bostoc, Massachusetts, 24 June 19 8

vol. 3, ASTM Special Tecnical Nublication

NQ. 233, p. 156-163.

Specimens of several types of optical glass most of which yere qf the raiation-
tolerant type were exposed to gamma radiation levels of 100 10O, and 10 r
in the Sandia kilocurie cobalt-60 facility.

Exposures of 1010 r were made at the Materials Testing Reactor gamma facility.
Exposures to mixed reactor radiation (gamma and neutron) were also made at
the Materials Testing Reactor.
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The light transnis~ion properties of the glass specimens were measured before
and immediately after exposure to radiation.

64. Ferguson, K. R.

Optical absorption bands induced in gwnma

irradiated glass (Abstract of meeting)

PHYSICAL REVIEW v. 98, n. 5, p. 1542,

1 June 1955.

The formation of optical absorption bands in glasses exposed to Co-60 gamma

rays has been observed.

65. Kazen, D. and Reiffel, L.

RADIATION SENSITIVE GLASSES. Armour Research

Foundation, Chicago, Illinois, Quarterly

Report No. 4. REIC No. 5906. 1 Mar-i June 53.

(Contract DA 36-039-sc-15528). ASTIA Ap-16 150.

Va.idity of the "ordering" hypothesis has been strengthened by a repetition
of the heat treatment and X-ray diffraction studies of K-48 glass. The
observation of reversal to the strength of Lhe two X-ray lines In a eingle
picce of glass In a similar manner of that previ~o~isly observed in tw,:o separate I
samples rules out composition differences as a factor. Irradiation experiments

performed with a series of BC-2 glasses indicate that effects similar to those
produced by heat treatment can be produced by a reduction in the alkali ton
content of barium crown glasses.

66. Kreid], N, J. and Hensler, J. R.

Gamma radiation insensitive optical glasses.

JOURNAL OF OPTICAL SOCIETY OF AMERICA v. 47,

n. 1, p. 73-75, Jan 1957.

Specially develope optical glasses maintain their transparency under

e2xposures up to 10 roentgens cobalt-60 gamma radiation and are usable at

5 x 10 roentgens. Ord nary optical glass coloro at 1O roentgens or less and i
is nearly useless at 10 roentgens.
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67. Kreldl, N. J.

SOME EXPERIMEENT ON TID INTERACTION OF

GLASS WITH HIGH ENERGY AIATION. Bausch

arA Lomb Optical Company. NY@-3779. 1 Dea 53.

(Contxact AT-30-1-1312).

A number of experiments dealing witha the effects of radiation on optical
glass are suimarized.

68. Kreldl, N. J. and Blair, G. E.

IRRADIATION DAMAGE TO GLASS. Bausch and

Lomb Optical Company, RQcheuter, ReW York.

NYO-3782. 21 Mar 55. (Contract AT(30-11-

1312). ASTIA AD-64 301.

A system of h:Lgh-level dosimetry (of high-energy radiation) utilizes the
absorption changes In glasses easited on a suitable spectro~hoometer. 6
Cal b.ratlon has been accomplished ever the range of 1.5 x 10 to 4.1 x 10 rep.

69. Mayer, G. aad Gueron, J.

rinetics of tho bleaahirg of glasses colored

by irradiatimO in the uhatillon pile. THE

GLASS INDUSTRY v. 34, n. 3o P. 127-131,

158-159, Mar 1953.

Samples of glass and silica were colored by irradiation in the Chatillon pile.
The absorption spectra of the irradiated samples were studied between 200
and 2000 nqu.

With the aid of the theories on alkali halides, the interpretation of the
atunercal values obtained for absolute rates of reaction, for experimental

aetivation energies and orders of reaction, was al6o attempted.
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70. Reiffel, L. and Humphreys, R. F.

RADIATION SENSITIVE GLASSES. Armour Research

Foundation, Chicago, Illinois. Quarterly

Progress Report No. 3. 10 Mar 53. (Contract

DA-36-039-SC-15528). ASTIA AD 9426.

Work during the period of this report has established some of the oharacteristics
of radiation induced color centers, particularly with regard to stability and
absorption characteristics. Work on the energy transfer mechanism particularly
as a function of temperature is still ambiguous. "High temperature" glasses
seem to eybibit more appreciable radiation sensitivity.

71. Reynolds, R. L.

TRANSPARENCY TO FAR INFRARED. General

Electrie Company, Hanford Atomic Products

Operation, Nonmetallic Materials Development

Operation. HW-39536. 15 Oct 55.

Of the six optical materials tested following exposure to 1.5 x 106 r, arsenic
trisulfide glass was shown to 7ranomit infrared to beyond ICOt, and was
essentially itnaffected by radi;Ation.

72. Schulman, J. If., et al.

The effect of high energy radiation on the

absorption and luminescence of glasses and
~I

ciystals (Abstract from meeting). THE

AI, RICAN CERAMIC qOCIET" BULLETIN v. 30,

P. 97, 1951.

The behavior of a number of crystalline and glassy systcms will be described,
and an interpretation of the phenomenon will be proposed for some of the
simpler eases.

3O4OM
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73. Sun, K. H. and Kreidl, N. J.

DISCOLORATION OF GLASS BY RADIATIONS.

Bausch and Lomb Optical Company, Rochester,

New York. Special Report, NObsr 57016.

May 52. ASTIA AD-120 816.

This report was prepared as a fundamental background for all workers in the

title field. It is large in its scope, detailed in its presentation. It
included a review based on a large bibliography.

74. Weyl, W. A. and Otley, K. 0.

EFFECTS OF RADIATIONS UPON GLASSES. The

Pennsylvania State College, School of Mineral

Indastries. First Quarterly Progress Report.

1 July-30 Sep 50. (Contract DA-36-039-sc-132).

ASTIA ATI 89918.

A survey of the existing literature on the effect of nuclear radiation on
glasses is given. Silver containing phosphate glasses exhibit a bright
orange or pink fluorescence after exposure to X-rays. Various silicate
glasses which all contained identical amounts of vanadium and cerium oxide
were exposed to solar radiation. A glass composition was thus found which
showed a nticeabie chwige of color after only five minutes' exposure to
bright sunlight.
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QUJARTZ

See Also CiRtations no. 52-57, 59.63, 79, 82

75. Arnolc±1,. W. ,Jr.

Color centers in synti~etic quartz. I!
THE JCDURNAL OF CHEMICAL PHYSICS'v. 22 ',

n. 7, P. 1959-1260, July 1954. (REIC NO. 5059). Ii
This note is written to report an absorption maximum in X-irradi.stei synthetic
quartz to 2.64 ev (470u), amrp pes of synthetic quartz cut perpendicular to
the c axis yielded the 2,5 4 ev maximum when X-irradiated by means of a tungsten
tube operated at 45 kv at 15 ma for periods from 24-44 hours.

76. ArnolM, G. W., Jr.

Defec=o in na~ttal and synthetic quartz.

J. F=, CHEM. SOLIDS v. 13, n. 3 -4 , p. 306-20,

June 1.%0. 1!
Thermolumitiescence measurments of quartz (both irradiated and naturally
coloured) have been made f-rom room tetperature to 3750C. Various peaks of
the light intensity versum temperature curves ave been Identified with
absorption maxima in the 1-90-.O00 u. spectral. regiat. The method is extremely
sensitive to radiation dome; well-definod teaks be1&g observed for very short
X-irradiation times (-I =e). hata aro pVeserite& On %-Irradiated natural
quartz, smoky quartz and c Y--irradlated syxit~atie qar~s Vith various additives..

77. Aruturmian, (. and Renius, 0.

Tf[EH EF-FET, F L-RADIATIM ON TME OPTICAL

PROPERUTIES OF QAZ CIJY&SAI.S. Ileport of

Confer-ence on Effects ot Nuclear Radiation

I

36 I.
LOCKHEED AIRCRAFT CORPORATION MISSILES and SPACE DIVISION



77. (Cont'd) 3-77-61-2/sn-61-25

on Materials sponsored by Ordnance

Materials Research Office at Watertown

Arsenal. 1-2 Oct 57, Feb 58.

The object of this paper is to review briefly the changes in the optical
properl ies of polished quartz primarily in the spectral regions where the
hunan eye is not sensitive such as the ultraviolet and near infrared spectral
regions.

78. Bechmann, R.

Radiation effects in quartz - A bibliography.

NUCLEONICS v. 16, n. 3, p. 122, Mar 1958.

Radiation causes quairtz crystas to display changes in color, thermal and
electrical conductivity index of refraction, and elastic properties. This
is a bibliography of literature that descri: .gs investigations of these effects.
A brief discussion of the effects follows a listing by type.

79. Brown, C. S. and Thomas, L. A.

Response of synthetic quartz to x- ray

irradiation. NATURE v. 169, n. 42e8,

p. 35-36, Jan 1952.

It is concluded from the results with irradiated synthetic crystals that the
darkening in natural quartz may be associated with the presence of impurities,
and that changes occurring during the growth of a crystal often produce
corresponding changes in the susceptibility to X-ray darkening in the different
parts of the crystal.

80. Frondel, C. and Hurlbut, C. S.

I1,AIESTIGATION INTO E=TECTS OF RADIATION

ON THE PHYSICAL PROPERTIES OF QUARTZ.
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Harvard U., Cambridge, Mass. Final rept.

1 July 51 - 30 July 53, 53P. (Contract

DA 36-039-sc-15350). ASTIA AD-20 661.

The work on synthetic and natural quartz involved quantitative chemical
analyses and measurements of the physical properties. The latter included
density, index of refraction, high-low inversion temperature, fluorescence
and triboluinescence, rate of solution and unit cell dimension measurements.
The variation in properties and composition of quartz was established; however,
a clear-cut detailed correlation between 'he variation in different samples

was not obtained. Extreme cases of variation indicated that the chief variable
in quartz was a solid solution of Al for Si in the crystal structure. The
irradiation behavior of quartz appeared to be related to the composition.

81. Klemens, P. G.

Density changes in neutron irradiated quartz.

PHILOSOPHICAL MAGAZINE v. 1, n. 10, Ser. 8,

p. 938-941, Oct 1956.

Wittels (1953) and Wittels and Sherrill (1954) measured the density changes
produced in quartz by fast-neutron irradiation in a pile. The density was
found to decrease with increasing dose, and the density change attaBed a
saturation value of about 15 per cent for doses in excess or 2 x 10
neutions/cm 2 . However, the rate of density change did not decrease steadily,
but increased at first. A different explanation of this increase in the rate
of density change is given here.

82. Lautout, M.

Photostimulation and coloration of fused

quartz irradiated by X- or gamma radiation.

(Photostimulation et coloration du.quartz fondu

irradie par les rayons X our gamma) JOURNAL

DE CHIMIE PHYSIQUJE v. 52, p. 267-271, 1955.

Fused quartz, previously irradiated by X-rays or gamma rays, becomes

phosphorescent under the action of visible or ultra violet light.

The exciting light first causes, on the other hand, a change of color of the
quartz which appears streaked with dark lines, sometimes appearing as vortexes.
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83. Mitchell, E. W. J. and Paige, E. 0. S.

The optical effects of radiation induced

atomic dama-c n quar 'z. {PHILOSOPHICAL

MAGAZINE v. 1, n. 12, Ser 8, p. 1085-1115,

Dec 1956.

The optical absorption of neutron-irradiated crystalline ind fused quartz
has been measured in the wavelength range 1450 to 10,000 A (8.5 to 1.2
electron-volts). Two absorption bands associated with atomic displacements
in crystalline quartz have been found -- C at 5.7 electron - volts and E at
7.6 electron - volts. All the damage is annealed by heating at 950 C.

84. Mitchell, F.. W. J. and Regden, J, D.

The effects of radiation on the near infra-

red aborr t on pectr-am of alpha-quaav'.

P{ILISOPHICAL MAGAZINE v. 2, n. 20, Ser 8,

p. 941-956, Aug 1957.

The variation of the absorption strength and spectrum in the region of 3,u
has been determined for different specimens of crystalline quartz and for
X-ray, electron and pile irradiated crystals.

85. Mitchell, E. W. J. and Wedepohl, P. T.

The ocattering of long wavelength neutrons

by i.rradiated and unirradiated quartz.

PHILOSOPHICAL MAGAZINE v. 3, Ser 8, p. 1280-

2286, 1958.

Measurements have been made of the transmission of neutrons of wavelengths
between 50 and OA through 10 cm of unirradiated and pile irradiated -2
Brazilian quartz crystals. After irradietion with 6-4 x 1010 fast no cm
additional scattering was found. The measurement is discussed in relation
to optical absorption measurements and radiation damage theory.
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86. Wittels, M.

The lattice expansion of quartz due to

fast neutron bombardment. THE PHYSICAL

REVIEW v. 89, n. 3, p. 656-657, 1 Feb 1953.

The progressive anisotropic expansion of a-quartz irradiated with increasing
dosages of fast neutron flux has been observed and measured by X-ray and
density methods of analysis. Bombardment produc by a neutron source that
gave a total integrated neutron flux of 6.6 x 10 nvt resulted in a density
change of (A p/p)x 100 = 3.5 + 0.1 as measured by the hydrostatic weighting
method. The density change measured by the X-ray method gave ( A p/p) x 100
= 4.8 1 1.5. The crystal temperature was approximately 100 C during irradiation.

87. Wittels, M. C.

STRUCTURAL BEHAVI0R 04. OFUTRON IRRADIATED

QUARTZ. Paper submitted for publication to

Philosophical Magazine.

X-ray and density studies have been made on single crystals of quartz
irradiated with fast pile neutrons at approximately 1000 C. The structural
effects of the irradiation follow at least two processes with doses up to
1.2 x 1020 neutrons/cm-. Crystals irradiated with less than 3 x 1019 neutrons/ .
cm2 expand anisotropicdlly in a manner which is similar to the thermal
expansion of unirradiated quartz. In this dosage range, the volume increase

is the same. After doses in excess of 3 x 1019 neutrons/cm 2 the damaging process I
is more complex since the volume change indicated by X-ray measurements of'
the host lattice becomes larger than the bulk volume change determined
hydorsta1iically. In a complementary study, it was found that coesite, a
high density crystalline silica remained stable under neutron irradiation
dosages which compleLely disorder quartz. These results indicate that the
rate of damage in silica solids is structure dependent. I

88. Wood, D L.

Infrared absorption of defects in quartz.

J. PHYS. CHEM. SOLIDS v. 13, n. 3-4,

p. 326-36, June 1960.

A number of sharp absorpLio bands in the infrared spectrum of crystalline II
O-quartz between 3200 cm-l and 3655 cm-l have been assigned to defects in the
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lattice. Defects containing water may cause a broad absorption through this
.region of the spectrum in very imperfect parts of certain crystals, but it
does not contribute to the sharp bands observed. One band at 3581 cm"1 is

probably due to the OH stretching vibration of a proton defect but the other
peaks are not. Treatments of the crystal involving X-irradiation, heat
bleaching, anra!ing or heating in an electric field strongly affect the
intensities c he bands observed, and it is concluded that the bands originate
in colour centrs with an electronic origin. Probably more than one type of
centre is involved. No correlation with the visible colour centres of smoky
quartz or amethyst is observed. Interstitial foreign atoms play an important
role in the formation of the infrared centres but vacancies or interstitial
Si or 0 atoms are probably not involved. Although much information relating
to the infrared colour centres is available the full details of their structure
are not yet known.
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